Experimental Research Article 



Korean J Anesthesiol 201 2 August 63(2): 149-1 56 
http://dx.doi.Org/1 0.409//kjae.201 2.63.2.1 49 



Effect of superoxide on the development and maintenance 
of mechanical allodynia in a rat model of chronic post- 
ischemia pain 

Chang Gyu Han, Jae Kyung Han, Ki Bum Park, Kyung Hwa Kwak, Sung Sik Park, and Dong Gun Lim 

Department of Anesthesiology and Pain Medicine, School of Medicine, Kyungpook National University, Daegu, Korea 



Background: Reactive oxygen species and inflammatory responses contribute to the development of neuropathic 
pain. Superoxide serves to mediate cell signaling processes and tissue injury during inflammation. We examined the 
effects of superoxide on the development and maintenance of mechanical allodynia, as well as its contribution to 
central sensitization in a superoxide-rich animal model of neuropathic pain. 

Methods: Chronic post-ischemia pain (CPIP) was induced via the left hindpaw ischemia for 3 h, followed by 
reperfusion. Superoxide dismutase (4,000 U/kg, i.p.) was administered either 5 min before ischemia (BI), 5 min 
before reperfusion (BR), or 3 days after reperfusion (3AR). Withdrawal thresholds of the four paws were measured 
to assess the mechanical allodynia and the effects of circulating xanthine oxidase (XO)-mediated superoxide 
production. In addition, we measured the levels of N-methyl D-aspartate receptor subunit 1 phosphorylation (p-NRl) 
in the ipsilateral and contralateral spinal cord (L4— 6), by Western blotting, to examine the superoxide-mediated 
central sensitization. Superoxide production was assessed by allopurinol-sensitive, XO-mediated lipid peroxidation 
of the spinal cord and gastrocnemius muscles. 

Results: Withdrawal thresholds of forepaws did not vary across the 7 days of testing. In the hindpaws, both ipsilateral 
and contralateral mechanical allodynia was most attenuated in the BR group, followed by the BI and 3AR groups. The 
degree of NR1 activation was in contrast to the changes in the withdrawal thresholds. 

Conclusions: These data suggest that superoxide is involved in the development and maintenance of mechanical 
allodynia, particularly via central sensitization in the spinal cord. (Korean J Anesthesiol 2012; 63: 149-156) 
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Introduction 

Recent studies have proposed a role for reactive oxygen 
species (ROS) in neuropathic pain. Nitric oxide synthase 
inhibitors and ROS scavengers reduce the development of 
thermal hyperalgesia and mechanical allodynia in animal 
models of neuropathic pain [1,2]. In humans, patients suffering 
from complex regional pain syndrome type-I (CRPS-I) show 
more serum lipid peroxidation products and significantly 
elevated antioxidant parameters, such as salivary peroxidase 
and superoxide dismutase (SOD) [3]. Furthermore, CRPS 
symptoms are alleviated following the treatment with free 
radical scavengers [4]. 

Coderre et al. [5] developed an animal model of CRPS-I 
using a chronic post-ischemia pain (CPIP), which consists of 
ischemia/reperfusion (IR) injury of the rat hindpaw. Physical 
injury and symptoms arising from CPIP are comparable 
to those observed in CRPS-I. Chronic pain associated with 
CRPS-I following sprains, arthroscopic surgery, overly tight 
casting, and other edematous soft tissue injuries is associated 
with IR injury [5,6]. In CPIP rats, the ROS scavengers N-acetyl- 
cysteine and 4-hydroxy-2, 2, 6, 6-tetramethylpiperidine-N-oxyl 
alleviate mechanical hyperalgesia [5,7]. Moreover, allopurinol, 
an inhibitor of xanthine oxidase (XO)-mediated superoxide 
production, as well as SOD and N-nitro-L-arginine methyl ester 
significantly alleviate mechanical and cold allodynia in CPIP 
rats [8]. However, the mechanisms by which ROS scavengers 
exert analgesic effects, and the specific ROS responsible for 
the development and maintenance of mechanical allodynia in 
CPIP rats, are unclear. One potential mechanism is superoxide- 
mediated central sensitization of the spinal cord. Mitochondrial 
ROS production is increased in both the superficial and deep 
dorsal horn in a model of neuropathic pain [9] . Since the primary 
type of ROS produced by mitochondria or XO is superoxide, it 
is likely that superoxide is important in central sensitization. 
Another relies on the circulating XO rather than the central 
sensitization. Superoxide produced by increased XO, following 
an IR injury, could directly interact with NO in the hindpaw, 
resulting in either decreased NO bioavailability and subsequent 
paw vessel vasoconstriction, or elevated peroxynitrite 
production and subsequent SOD nitration. Circulating XO has 
been shown to bind to and to be endocytosed into the vascular 
endothelium [10]. 

Different phases of neuropathic pain have not been clearly 
defined so far, and these phases may vary under different injury 
conditions. However, there are at least two phases in animal 
models: an early, development phase; and a late, maintenance 
phase [1 1]. In an animal model of neuropathic pain, the activation 
of signaling molecules, such as mitogen-activated protein kinases, 
show dynamic changes in different cell types at different times 



[12,13]. Furthermore, minocycline, a microglial inhibitor, atte- 
nuates neuropathic pain in the development phase, but not in 
the maintenance phase [14]. 

Therefore, based on the possible role of superoxide in 
neuropathic pain, the dynamic changes of cellular signaling 
molecules, and variable effects of microglial inhibitor over 
time, the authors hypothesized that dismutation of superoxide 
at different time points would reveal different degree of 
mechanical allodynia in a neuropathic pain model. From 
the previous reports, using CPIP rat model, the mechanical 
allodynia was present immediately after reperfusion, peaked 
at 3 days, and continued for at least 4 weeks after reperfusion 
with correlated changes of spinal phosphorylated iV-methyl- 
D-aspartate (NMDA) receptor subunit 1 (pNRl) [8,15]. In a 
preventive paradigm, to study the effect on the development of 
mechanical allodynia, SOD was treated either before induction 
of ischemia (preemptive antioxidative treatment) or before 
reperfusion (dismutation of superoxide at the time of maximal 
production and interaction). The effect of SOD on existing 
allodynia, to study the effect on the maintenance of mechanical 
allodynia, was examined after administration of SOD 3 days 
after reperfusion (after maximal mechanical allodynia was 
established). To confirm the superoxide-mediated central 
sensitization in mechanical allodynia, we evaluated NMDA 
receptor activation in the spinal cord. Furthermore, to elucidate 
whether mechanical allodynia is mediated by circulating XO, 
we performed behavioral testing for each paw. 

Materials and Methods 

Animals and chemicals 

Adult male Sprague-Dawley rats (280—320 g) were used. 
Animals were housed in groups of three, with food and water 
available ad libitum, on a 12:12 h, light:dark cycle. All animals 
were acclimated in their cages for 7 days before any experiments 
were performed. All housing conditions and experimental 
procedures were approved by the Institutional Animal Care and 
Use Committee, and in accordance with the National Institute 
of Health guidelines on laboratory animal welfare. 

Because sedation or anesthesia might raise mechanical 
thresholds, it was necessary to determine if these contributed 
to the behavioral changes interpreted as analgesia. All rats 
were assessed for posture and righting reflexes, based on the 
five-point scales described by Kim et al. [2], and all scored 0 
at all time points, indicating that the effects due to sedation or 
anesthesia did not occur. 

All chemicals, unless otherwise noted, were purchased from 
Sigma Chemical Co. (St. Louis, MO, USA). 
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Hindpaw ischemia/reperfusion 

Hindpaw IR injury was induced according to the methods 
proposed by Coderre et al. [5]. In brief, rats were anesthetized 
with a bolus (40 mg/kg, i.p.), followed by continuous i.p. 
infusion of sodium pentobarbital for 2 h (13 mg/h for the first 
hour, 6.5 mg/h for the second hour). After anesthesia induction, 
a Nitrile 70 Durometer O-ring (O-rings West, Seattle, WA, USA) 
with a 7/32-inch internal diameter was placed around the 
animal's left hind limb, just proximal to the ankle joint. The 
O-ring remained on the limb for 3 h before it was removed. 
The termination of sodium pentobarbital anesthesia was 
coordinated such that the rats recovered fully within 30 min. 

Measurement of lipid peroxidation 

Rats were assigned to the three groups (n = 6 per group); 
Sham, CPIP, or CPIP + Allopurinol. Rats in the CPIP group 
received 3 h IR injury. For the CPIP + Allopurinol group, rats 
received 3 h IR injury with i.p. administration of allopurinol 
(40 mg/kg) 5 min before reperfusion. Rats in the Sham group 
received neither IR injury nor SOD administration. Thus, 
the O-ring of the Sham group was cut so that it only loosely 
surrounded the ankle and did not occlude blood flow to the 
hindpaw. The lumbar spinal cord (L4— L6) and gastrocnemius 
muscles of each side (right and left) were used for lipid 
peroxidation measurement, 3 days following reperfusion. 

Malondialdehyde (MDA) levels, an indicator of lipid peroxi- 
dation, were measured using the thiobarbituric acid-reactive 
substances (TBARS) assay [16]. Samples were homogenized 
in ice-cold sucrose buffer (0.32 M sucrose, 10 mM Tris-HCl, 
pH 7.4) and then centrifuged. The supernatants were added 
to a solution containing 0.375% thiobarbituric acid (TBA) 
and 15% trichloroacetic acid (TCA); the mixture was then 
heated at 100°C for 15 min. The MDA concentration for each 
specimen was determined in a spectrophotometer, based on 
the absorbance at 532 nm, and was expressed as nM/mg tissue. 
The concentration of MDA for each animal was recorded as the 
mean value of the three samples for that animal. 

Behavioral testing 

Rats were assigned to five groups (n = 7 per group); Sham, 
CPIP, Before Ischemia (BI), Before Reperfusion (BR), and After 
Reperfusion (3AR). SOD (from bovine erythrocyte, 4,000 U/kg, 
i.p.) was administered 5 min before ischemia (BI), 5 min before 
reperfusion (BR), or 3 days after reperfusion (3AR). SOD was 
dissolved in normal saline and prepared immediately before 
use. Rats in the CPIP group received hindpaw IR injury, without 
SOD administration (CPIP). Rats in the Sham group received 



neither IR injury nor SOD administration (Sham), but were 
injected with an equal volume of vehicle. 

Behavioral tests were performed by a tester blind to the 
experimental conditions. A dynamic plantar aesthesiometer 
(DPA, Ugo Basile, Comerio, Italy), operated in an automated 
von Frey method, was used to measure the mechanical allo- 
dynia [17]. To aid behavioral observation, rats were placed in a 
transparent acrylic box with a wire mesh floor. After the animals 
were completely habituated to the wire mesh (about 15 min), 
a von Frey filament (straight metal filament, 0.5 mm diameter) 
was placed on the plantar surface of the paw, and the force (max. 
50 g) was increased gradually until a withdrawal response was 
evoked, and the amount of force needed to cause the withdrawal 
response was recorded. This procedure was repeated four times 
with a minimum of 10 s interval and force measurements were 
averaged. The measurements were performed sequentially in 
the following order, left hindpaw, right forepaw, right hindpaw, 
and left forepaw. The baseline testing was performed 1 h before 
ischemia induction (Bas). After IR injury, behavioral tests were 
conducted at 24 h (R + ID) and 3 (R + 3D), 5 (R + 5D), and 7 
(R + 7D) days after reperfusion. In the 3AR group, mechanical 
allodynia was measured 1 h after SOD administration. 

The SOD dosage was chosen based on the previous publi- 
cations. Although there are some drawbacks to the use of SOD 
in clinical applications, such as rapid clearance and difficulty 
crossing cell membranes, SOD has demonstrated therapeutic 
potential for a variety of conditions, including IR injury and 
inflammation [18]. Local infusion of SOD (4,000 U/kg) reduced 
both lipid peroxidation and mucosal damage induced by an NO 
donor [19,20]. 

Western blot analysis 

In an independent experiment, rats were assigned to five 
groups (n = 4 per group), similar to those for the behavioral 
testing. On the third day after reperfusion, the L4— L6 spinal 
cord was extracted by lumbar laminectomy, separated into the 
left (ipsilateral) and right (contralateral) cord, and immediately 
frozen with liquid nitrogen. The spinal cord samples were 
homogenized in lysis buffer (20 mM Tris-HCl pH 8.0, 150 mM 
NaCl, 1 mM EDTA, 2 mM Na 3 Vo 4 , 0.5 mM DTT, 10% Glycerol, 
1% Nonidet P-40), containing a protease inhibitor cocktail 
(Roche, Mannheim, Germany). After centrifuging at 12,000 rpm 
for 20 min at 4°C, the supernatant protein concentration was 
quantified using the Bradford method (Bio-Rad, Hercules, USA). 
Fifty ug of each protein sample was boiled for 5 min at 100°C 
in gel a loading buffer (0.5 M Tris-HCl, glycerol, 10% SDS, 0.5% 
bromophenol blue), separated on 10% SDS-polyacrylamide 
gels, and then transferred to a nitrocellulose membrane at 60 V 
for 3 h. The membranes were blocked in 3% non-fat dried milk 
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in Tris buffered saline (50 mM Tris pH 7.4, 10 mM NaCl) for 1 h 
at room temperature, and then incubated overnight at 4°C with 
a primary antibody against phosphorylated NR1, at a dilution of 
1 : 500 (Upstate biotechnology, Temecula, USA). After washing 
with Tris buffered saline (50 mM Tris pH 7.4, 10 mM NaCl), 
the membranes were incubated for 1 h at room temperature, 
with peroxidase conjugated secondary antibody (1 : 2,000), 
and washed again. Proteins were detected using the ECL 
system (Amersham Biosciences, Buckinghamshire, England). 
In the 3AR group, the spinal cord was extracted 1 h after SOD 
administration on the third day after reperfusion. 

Data are expressed as the mean ± SEM. Statistical analysis 
was performed using one-way ANOVA, followed by post-hoc 
comparisons (Student-Newman-Keuls test). For all statistical 
analyses, the SPSS software version 13.0 (SPSS, Chicago, 
IL, USA) was used, and a P value < 0.05 was considered as 
statistically significant. 

Results 

Changes in lipid peroxidation 

In the CPIP group, MDA levels were significantly elevated, 3 
days after reperfusion in the spinal cord, and both ipsilateral and 



contralateral gastrocnemius. In the CPIP + Allopurinol group, 
allopurinol significantly reduced MDA concentrations in the 
spinal cord and ipsilateral gastrocnemius, compared to the CPIP 
group. There were no significant differences in the MDA levels 
between the Sham and the CPIP + Allopurinol groups (Fig. 1). 

Behavioral testing 

Von Frey thresholds for both forepaws did not vary across the 
7 days of testing. In addition, there were no differences between 
the groups (Sham, CPIP, 3AR, BI, and BR), nor within the groups 
at different time points (Bas, R + ID, R + 3D, R + 5D, and R + 
7D) (Fig. 2A and 2B). 

The CPIP group developed mechanical allodynia over a 
prolonged period in both the ipsilateral and the contralateral 
hindpaw, with more pronounced effects on the ipsilateral 
side. Ipsilateral and contralateral mechanical allodynia were 
present 1 day after reperfusion, peaked at 3 days, and persisted 
for at least 7 days, following reperfusion. In the 3AR, BI, and BR 
groups, ipsilateral and contralateral mechanical allodynia were 
attenuated, compared to the CPIP group 3 days after reper- 
fusion, and this effect persisted for 7 days. Allodynia was most 
attenuated in BR, followed by BI then 3AR (Fig. 2C and 2D). 
Data for the Sham group are not shown. 



□ Sham 

□ CPIP 

■ CPIP + Allopurinol 




Spinal cord Lt. Gastrocnemius Rt. Gastrocnemius 

Fig. 1. Malondialdehyde (MDA) concentrations in the spinal cord 
(L4-L6) and gastrocnemius muscles in the Sham, CPIP, and CPIP 
+ Allopurinol groups (n = 6 per group). CPIP rats received 3 h of IR 
injury. In the CPIP + Allopurinol group, rats received 3 h of IR injury 
and allopurinol (40 mg/kg, i.p.) 5 min before reperfusion. Rats in 
the Sham group received neither IR injury nor SOD administration. 
The MDA concentration for each animal was recorded as the mean 
value of the three samples from that animal. In the CPIP group, 
MDA was significantly increased in the spinal cord and both the 
ipsilateral and contralateral gastrocnemius 3 days after reperfusion. 
Allopurinol reversed the increase in MDA, indicating allopurinol- 
sensitive, xanthine oxidase-mediated superoxide production. The 
data are expressed as the mean ± SEM. ""Indicates values significantly 
different from Sham. f Indicates values significantly different from 
CPIP. P < 0.05 was considered statistically significant. CPIP: chronic 
post-ischemia pain. 



Western blot analysis 

p-NRl expression (normalized to the (3-actin loading control) 
showed similar changes in the ipsilateral and contralateral 
spinal cord, with higher p-NRl expression on the ipsilateral 
side. NR1 activation was highest in the CPIP, followed by the 
3AR, BI, BR, and Sham groups. The degree of NR1 activation in 
each group was in contrast to the order of withdrawal threshold 
across groups (Fig. 3). 

Discussion 

We examined the effect of superoxide dismutation on 
the development and maintenance of mechanical allodynia 
at different time points. Our results reinforced the previous 
findings that superoxide contributes to the development and 
maintenance of neuropathic pain. Furthermore, superoxide- 
mediated mechanical allodynia was closely associated with 
the central sensitization, measured as increased spinal NMDA 
receptor activation. 

Inhibition of superoxide production before the development 
phase of neuropathic pain (i.e., the BR and BI groups) attenu- 
ated mechanical allodynia and NR1 phosphorylation more 
effectively than inhibition after allodynia was fully developed 
(3AR group). The majority of the earlier experiments investi- 
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Fig. 2. Changes in the withdrawal thresholds for the left forepaw (A), right forepaw (B), left hindpaw (C), and right hindpaw (D). Rats were 
assigned to five groups (n = 7 per group); the Sham, CPIP, after reperfusion (3AR), before ischemia (BI), and before reperfusion (BR) groups. 
Superoxide dismutase (4,000 U/kg, i.p.) was administered 5 min before ischemia (BI), 5 min before reperfusion (BR), or 3 days after reperfusion 
(3AR). Rats in the CPIP received IR injury but not SOD treatment. Rats in the Sham group received neither IR injury nor SOD administration (data 
not shown). The withdrawal thresholds were measured in the following order: left hindpaw, right forepaw, right hindpaw, and left forepaw. Rats 
were tested for baseline thresholds 1 h before ischemia induction (Bas). Behavioral testing was performed 24 h (R + ID), 3 (R + 3D), 5 (R + 5D), 
and 7 (R + 7D) days after reperfusion. In the 3AR group, mechanical allodynia was measured 1 h after SOD administration. Von Frey thresholds 
for both forepaws did not vary across the 7 days of testing. Ipsilateral and contralateral mechanical allodynia were attenuated the most in the 
BR group, followed by the BI and 3AR groups. Data are expressed as mean ± SEM. "Tndicates values significantly different from CPIP. + Indicates 
values significantly different from 3AR. f Indicates values significantly different from BI. 5 Indicates values significantly different from Bas in the 
same group. P < 0.05 was considered statistically significant. CPIP: chronic post-ischemia pain. 



gating the mechanical allodynia and ROS were performed in 
animals with fully developed neuropathic pain [2,21]. Such 
reports are informative with respect to clinically relevant 
research. However, those studies focus more on the maintenance 
of pain rather than on the understanding of the development of 
the mechanical allodynia. Our data suggest the possible clinical 
application of preemptive antioxidative treatment in a situation 
where allodynia is likely to develop, and further the current 
knowledge of the development of the mechanical allodynia. 

The previous literature on IR injury in general has established 
that superoxide and NO are major contributors to tissue IR 
injury. Xanthine oxidoreductase (XOR) is a primary source 



of superoxide [22] and a key source of ROS in tissue IR injury 
[23] . Both animal models and clinical studies have shown that, 
XO, an oxidase form of XOR, can serve as a key source of ROS, 
which contributes to the inflammatory signaling, IR injury, and 
impaired vascular function. During ischemia, XOR is converted 
predominantly to XO and high concentrations of hypoxanthine 
accumulate as AMP is catabolized. The reintroduction of 
molecular oxygen into ischemic tissue, upon reperfusion, 
leads to the XO-mediated overproduction of ROS, particularly 
superoxide. It is well established that superoxide can initiate the 
lipid peroxidation [24]. In contrast, allopurinol inhibits (hypo) 
xanthine oxidation at the molybdenum core of XO, decreasing 
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Fig. 3. A representative Western blot and averaged phosphorylation values of the NMDA receptor subunitl (p-NRl) in the Sham, CPIP, 3AR, 
Bl, and BR groups (n = 4 per group) 3 days after reperfusion. Superoxide dismutase (4,000 U/kg, i.p.) was administered 5 min before ischemia 
(Bl), 5 min before reperfusion (BR), or 3 days after reperfusion (3AR). Rats in the CPIP group received IR injury, but not SOD treatment. Rats 
in the Sham group received neither IR injury nor SOD administration. On the third day after reperfusion, the L4-L6 spinal cord was extracted 
by lumbar laminectomy, separated into left (A) and right (B) cord, and analyzed by Western blotting. In the 3AR group, the spinal cord was 
extracted 1 h after SOD administration on the third day after reperfusion. The relative density of p-NRl was the highest in the CPIP group and 
decreased in the order of the 3AR, Bl, BR, and Sham groups. Each value shown on the graph represents the average (± SEM) gel density ratio 
for each group, p-actin was used as an internal control. "Tndicates values significantly different from Sham. + Indicates values significantly 
different from CPIP. * Indicates values significantly different from 3AR. § Indicates values significantly different from BL P < 0.05 was considered 
statistically significant. CPIP: chronic post-ischemia pain. 



superoxide production. In this study, we indirectly confirmed 
superoxide production using an allopurinol-induced inhibition 
of lipid peroxidation in the CPIP model. 

Clarification of the time course of superoxide contribution 
to the mechanical allodynia is crucial for understanding the 
mechanisms of allodynia development, as well as for develo- 
ping optimal treatment strategies. In the present study, we 
administered SOD at three time points: before ischemia, before 
reperfusion, and 3 days after reperfusion. In the Bl group, SOD 
was administered before an IR injury and superoxide production. 
Thus, this group received preemptive antioxidative treatment as 
in preemptive analgesia. As maximum superoxide production 
occurs during reperfusion, the BR group is most representative 
of the effects of superoxide on mechanical allodynia. The 
3AR group reflects the effects of SOD administration when 
neuropathic-like pain is already developed. These data have 
implications for the clinically relevant effects of antioxidants, 
as well as the effects of superoxide on the maintenance phase 
of mechanical allodynia. In the development phase of CPIP, 
superoxide inhibition attenuated mechanical allodynia and 
p-NRl activation, an effect that persisted into the maintenance 
phase. These findings suggest that superoxide is closely 
associated with the development and maintenance of the 
mechanical allodynia via central sensitization. Kwak et al. [8] 



reported lasting effects of antioxidants injected during the 
early phase of neuropathic-like pain in the CPIP model. In 
that study, allopurinol administered during the initial period 
of an IR injury showed a clear and persistent anti-allodynic 
effect. Notably, increased superoxide production decreases NO 
bioavailability. Thus, the anti-nociceptive effect of SOD in this 
study might be due not only to the effects on the superoxide, 
but also to a decreased NO bioavailability. NO can exert pro- or 
anti-nociceptive effects, depending on the concentration and 
the stage of pathological processes [25]. 

Our data suggest that mechanical allodynia is mediated 
through central sensitization, not via systemic circulating XO. 
Sensitization of dorsal horn cells in the spinal cord (central 
sensitization) plays a fundamental role in neuropathic pain. We 
evaluated the effects of systemic circulating XO on the develop- 
ment of the mechanical allodynia, through the behavioral 
testing on the forepaws and hindpaws. In clinical IR injury, a 
variety of factors may result in elevated circulating XO levels, 
which can then lead to XO deposition in remote vascular 
beds, following a high-affinity endothelial glycosaminoglycan 
binding and subsequent endocytosis of the catalytically 
active enzyme [10]. Thus, the XO produced during ischemia 
enters the systemic circulation after reperfusion, and is then 
transported to distant regions of the body. XO released from a 
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reperfused limb may produce high levels of superoxide in the 
immediate vicinity of the limb. However, some XO may reach 
more remote areas, including the forepaws and contralateral 
hindpaw, resulting in superoxide production in those regions. 
Accordingly, mechanical allodynia would develop not only 
in the affected paw, but also in other paws. In this study, the 
contralateral hindpaw showed a similar pattern of allodynia, 
as the ipsilateral hindpaw. Furthermore, changes in NR1 
phosphorylation in the contralateral hindpaw were similar 
to those of the ipsilateral hindpaw, and were correlated with 
behavioral changes. However, neither of the forepaws showed 
any changes upon behavioral testing. These results indicate 
that central sensitization is the primary contributor to the 
mechanical allodynia in the CPIP model. 

With respect to the maintenance of mechanical allodynia, an 
SOD mimetic (M40403) not only prevented the development of 
inflammation and hyperalgesia, after injection of an inflamma- 
tory agent into the rat paw, but also reduced existing hype- 
ralgesia [26]. In fully developed neuropathic pain produced by 
the rat spinal nerve ligation model, the effect of the free radical 
scavenger phenyl-N-tert-butylnitrone (PBN; 50 mg/kg, three 
injections at 4 h intervals) was graded with repeated injections; 
mechanical allodynia was attenuated 1 h after PBN injection [2]. 
Moreover, systemic injection of PBN (100 mg/kg, i.p.) reduced 
hyperalgesia and blocked the increases in spinal p-NRl in 
both neuropathic and inflammatory pain models 1 h after 
PBN treatment [21]. In the present study, SOD administered 
to the 3AR group (where maximal mechanical allodynia was 
produced) 1 h before the behavioral test significantly decreased 
the mechanical allodynia and p-NRl activation, although to 
a lesser degree than in the BI or BR groups. Hence, our results 
reinforce previous findings that suggest that ROS, and super- 
oxide in particular, participate in the maintenance of the noci- 
ceptive cascade and the nociceptor sensitization process. 

Reperfusion of a limb, following 3 h of ischemia, will result 
in the release of XO and subsequent XO-mediated superoxide 
production. According to the previous reports, increased XO 
levels persist for less than 1 h [27]. Thus, in the 3AR group, 
SOD dismutased superoxide that was produced by a non-XO- 
mediated mechanism. Although superoxide is a common 
target of SOD in both development and maintenance phases 
of allodynia, it is likely that the sources of superoxide during 
the two phases are different. During the development phase, 
superoxide is produced by XO; during the maintenance phase, 
it may result from NMDA receptor activation. Supporting this 
idea, superoxide is produced upon NMDA receptor stimulation 
in cultured cerebellar granule cells [28], and an NMDA receptor 
antagonist, MK-801, blocks superoxide generation [29]. More- 
over, in a rat model of spinal cord injury, decreased SOD and 
increased MDA were reversed by a NMDA receptor blocker 



[30] . These data suggest that NMDA receptor activation induces 
superoxide production, which may in turn, accelerate the 
central sensitization during the maintenance of the mechanical 
allodynia. Accordingly, we propose that the anti-allodynic 
effect of SOD in the 3AR group was mediated by a reduced 
NMDA receptor activation due to superoxide inhibition by the 
administered SOD. 

In conclusion, superoxide dismutase significantly reduced 
the mechanical allodynia and reversed NMDA receptor acti- 
vation in the CPIP model. Preemptive antioxidative treatment 
was also effective in reducing the development and main- 
tenance of mechanical allodynia, although it was less effective 
than administered immediately prior to superoxide production. 
Antioxidative treatment during the maintenance phase was 
effective, but likely involves different mechanisms than in the 
development phase. In addition, allodynia was mediated by 
central sensitization, not by circulating XO-mediated super- 
oxide. These data suggest that superoxide is important for 
the development and maintenance of chronic post-ischemia 
pain, particularly with respect to the central sensitization in 
the spinal cord. Thus, both preemptive superoxide inhibition 
and superoxide inhibition after the mechanical allodynia is 
developed may represent effective therapeutic avenues for the 
treatment of persistent pain. 
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